Abstract We have designed and utilized degenerate primers in the phylogenetic analysis of [FeFe] hydrogenase gene diversity in the gut ecosystems of roaches and lower termites. H 2 is an important free intermediate in the breakdown of wood by termite gut microbial communities, reaching concentrations in some species exceeding those measured for any other biological system. The primers designed target with specificity the largest group of enzymatic H domain proteins previously identified in a termite gut metagenome. "Family 3" hydrogenase sequences were amplified from the guts of lower termites, Incisitermes minor, Zootermopsis nevadensis, and Reticulitermes hesperus, and two roaches, Cryptocercus punctulatus and Periplaneta americana. Subsequent analyses revealed that all termite and Cryptocercus sequences were phylogenetically distinct from non-termiteassociated hydrogenases available from public databases. The abundance of unique sequence operational taxonomic units (as many as 21 from each species) underscores the previously demonstrated physiological importance of H 2 to the gut ecosystems of these wood-feeding insects. The diversity of sequences observed might be reflective of multiple niches that the enzymes have been evolved to accommodate. Sequences cloned from Cryptocercus and the lower termite samples, all of which are wood feeding insects, clustered closely with one another in phylogenetic analyses to the exclusion of alleles from P. americana, an omnivorous cockroach, also cloned during this study. We present primers targeting a family of termite gut [FeFe] hydrogenases and provide results that are consistent with a pivotal role for hydrogen in the termite gut ecosystem and point toward unique evolutionary adaptations to the gut ecosystem.
Introduction
Hydrogen plays a prominent role in the digestion of wood by termites [1] [2] [3] [4] [5] [6] . Hydrogen concentrations in the guts of some termites can reach concentrations exceeding those measured for any other biological system [1, 4, [7] [8] [9] [10] [11] . Turnover rates have been measured in some species at fluxes as high as 33 m 3 H 2 /m 3 gut volume per day [1] . The environment is also spatially complex, comprising a matrix of microenvironments characterized by different hydrogen concentrations [1, 4, [12] [13] [14] [15] .
This hydrogen is produced during the fermentation of lignocellulosic polysaccharides by the symbiotic microbial community residing in the termite gut, particularly the protozoa [6, [16] [17] [18] [19] [20] [21] . The termites are dependent upon this complex symbiosis for the degradation of wood [5, [22] [23] [24] [25] [26] [27] . The primary product of this symbiosis is acetate, which the termites use as their primary carbon and energy source [28] . Most of the H 2 produced in the gut is used by CO 2 -reducing bacteria to produce up to one third of this acetate in reductive acetogenesis [1-3, 28, 29] . Methanoarchaea consume only a small portion of this H 2 [2, 14] .
The role of termites in global carbon cycling is well established [30] . It is, therefore, of interest to further investigate factors influencing how the gut ecosystem processes H 2 so efficiently. Indeed, the termite gut has been referred to as the smallest, most efficient natural bioreactor degradation system known [1] .
Hydrogenases catalyze the following reaction: H 2 ⇌2H + + 2e − . There are two primary and phylogenetically distinct classes of hydrogenases characterized by the metal content of their catalytic sites: nickel-iron [NiFe] hydrogenases and iron only [FeFe] hydrogenases or, more generally, H domain proteins [31] . [FeFe] hydrogenases have been identified in anaerobic prokaryotes such as clostridia, sulfate producers, and treponemes and in some anaerobic eukaryotes [32] .
A rich diversity of hydrogenase-like proteins were identified in the published metagenomic study on a Nasutitermes gut compartment [33] . Among these, the H domain proteins were classified as belonging to sequence families defined based upon shared sequence identity [33] . The families were found each to share a common phylogeny and domain architecture. The vast majority of the sequences identified in the metagenome were classified as [FeFe] hydrogenases [33] . A number of the H domain proteins identified were classified as hydrogen sensing proteins, but the physiological or behavioral role of these proteins remains poorly understood. Nasutitermes is a member of a family (Termitidae) of termites known as the higher termites, which are distinguishable from the five families of so-called lower termites by a characteristic lack of protozoa in their gut and by a more extensively segmented gut anatomy [27, [34] [35] [36] . Ballor et al. [37] reported a total of 17 [FeFe] hydrogenase-like genes in the genome sequences of three treponemes isolated from the gut of the dampwood lower termite Zootermopsis angusticollis, indicating that protozoa-rich termite hindgut communities may also be a rich source of bacterial or spirochetal [FeFe] hydrogenase diversity.
Family 3 [FeFe] hydrogenases were the most highly represented group of putative hydrogenase genes observed in the Nasutitermes hindgut metagenome sequence and had also been observed in the genome sequences of treponemes isolated from the gut of Z. angusticollis, see Ballor et al. [37] . A detailed bioinformatic analysis of this group of sequences provided strong evidence for the function of these enzymes in coupling hydrogen oxidation or reduction to NAD(P)(H) reduction or oxidation, respectively, thereby signifying potential for playing an important role in reductive acetogenesis. To further highlight their physiological relevance, family 3 [FeFe] hydrogenases were the only group of hydrogenases observed in the Nasutitermes gut metagenome whose in situ translation was verified by mass spectroscopy [33] .
The wood roach Cryptocercus punctulatus is generally believed to share a common ancestor with termites [36, 38, 39] , and Inward et al. have proposed that termites (Isoptera) are a derived, eusocial lineage of cockroaches [38] . The gut ecosystems of Cryptocercus species share a number of characteristics with termites. For example, both are dependent upon a complex symbiosis with a microbial community in their gut to be able to derive nutrition and energy from wood [19, [40] [41] [42] . The predominant microbes found in the guts of wood-feeding cockroaches are similar to those found in termites, and more specifically, protozoa and spirochetes are believed to play an important role in this symbiosis [19, 40, 42] . Cryptocercus is considered most similar to the group of termites classified as lower termites because of a shared common ancestor [38] and the presence of protozoa in their gut. Moreover, the Cryptocercus gut is anatomically similar to the lower termite gut [43] . The similarities of Cryptocercus to lower termites may extend to the metabolic activities of their gut microbial communities as the gut microbes of Cryptocercus have been found capable of carrying out CO 2 -reductive acetogenesis [3, 44] .
Here, we report a phylogenetic analysis of bacterial family 3 [FeFe] hydrogenase genes cloned from the guts of roaches and lower termites using degenerate primers designed herein. The objective was to shed further light on the diversity and evolution of these genes in these hydrogen-metabolizing ecosystems and to complement past studies on protozoal hydrogenase diversity in termites [45] , hydrogenase diversity in other habitats [46, 47] , and recent studies relating to hydrogenase-relevant gene diversity that have provided insights into C1 metabolism in termite gut environments [48] [49] [50] .
Methods

Termites
Incisitermes minor collection Pas1 termites were collected from a woodpile in Pasadena. Reticulitermes hesperus collection ChiA2 and Zootermopsis nevadensis collection ChiA1 were collected at the Chilao Campground in the Angeles National Forest in Southern California. Termites were classified previously [49, 50] .
C. punctulatus were kindly provided by Christina Nalepa (NC State University). The adult sample (individual insect) was from a roach collected at Mt. Collins in North Carolina, and the nymph sample (individual insect) was collected at the South Mountains in North Carolina. An individual Periplaneta americana (HM208259) insect was collected on the Caltech campus.
DNA Extraction
DNA for each insect was extracted from one whole dissected gut as described previously [51] . DNA concentrations were quantified using the Hoefer DyNAQuant [FeFe] Hydrogenases in Diverse Dictyoptera200 fluorometer and DNA quantification system (Amersham Pharmacia Biotech) according to manufacturer's instructions.
Primer Design
Degenerate primers for the amplification of [FeFe] hydrogenases classified as belonging to "family 3" by Warnecke et al. [33] were designed manually from a multiplesequence alignment, see Fig. 1 .
To design primers, sequences were aligned using ClustalX available on the PBIL network protein sequence analysis server [52] . Included in the alignment were the two family 3 [FeFe] hydrogenase sequences previously identified in the genome sequences of two termite gut treponeme species [37] and nine family 3 sequences identified in the gut metagenome sequence of Nasutitermes [33] . The [FeFe] hydrogenases of Desulfovibrio vulgaris and Clostridium pasteurianum were included in the alignment because they are the best characterized [FeFe] hydrogenases [53, 54] . Also included in the alignment were top BLAST hits identified in GenBank using as queries the termite gut treponeme family 3 [FeFe] hydrogenase sequences identified in the genomes of the treponemes isolated from a termite gut. Sequences of other than a termite origin were also included in the alignment in order to better identify regions conserved across a broad evolutionary range. Upon identifying these highly conserved regions, the consensus among termite sequences in these regions were each used for primer design.
A functional primer set and optimal conditions for gene amplification were determined empirically. Primers were first screened for the ability to specifically amplify a family 3 [FeFe] hydrogenase product from genomic DNA prepared from treponemes isolated from a termite gut and known to encode family 3 [FeFe] hydrogenases [37] . Candidate primers performing well in this initial screen were then evaluated for their ability to produce a single amplicon of appropriate length using termite whole gut DNA as the template. A primer set successfully passing through both of these screens and amplifying a family 3 [FeFe] hydrogenase gene sequence, as determined in subsequent sequencing efforts, was selected for use in the present study.
The primers selected amplify approximately 537 bp, or 51%, of the H domain [32, 55, 57] known to be highly conserved among all [FeFe] hydrogenases. The amplified region corresponds approximately to the regions spanning T330-I494 and A209-I373 in the [FeFe] hydrogenases from C. pasteurianum (P29166) and D. vulgaris (YP_010987), respectively. The sequences for the forward and reverse primers were 5′-WSI CCI CAR CAR ATG ATG G-3′ and 5′-CCI CKR CAI GCC ATI ACY TC-3′, respectively, where "I" represents inositol. The peptide sequences targeted by the primers are highlighted in Fig. 1 .
Cloning
Primers were ordered from IDT DNA. Gene sequences were amplified from template DNA using Expand High Fidelity Taq Polymerase (Roche), FailSafe Premix D (Epicentre), and 0.1 or 10 ng of template DNA. The temperature cycling regimen was 5 min at 95°C, 35× (30 s at 95°C, 30 s at 53°C, 1 min at 72°C), 10 min at 72°C. It was necessary to use 50 cycles to successfully clone sequences from the P. americana sample.
Sequences amplified were cloned into TOP10 chemically competent Escherichia coli (Invitrogen) using the TOPO TA cloning kit (Invitrogen) according to manufacturer's instructions.
RFLP Analysis
For each sample, 96 clones were randomly selected for further analysis. Each clone was suspended in TE (Sigma) and used as a template for PCR. The cloned sequences were amplified by PCR using T7 and T3 primers, NEB Taq Polymerase (New England Biolabs), and FailSafe Buffer H (Epicentre). The temperature cycling regimen was 5 min at 95°C, 25× (30 s at 95°C, 30 s at 55°C, 1.5 min at 72°C), Figure 1 Portion of the alignment used to design degenerate primers to amplify family 3 [FeFe] hydrogenases. The alignment was prepared using ClustalX on the PBIL network protein sequence analysis server [52] . Numbers in parentheses beginning in "2005" represent IMG Gene Object Identifiers and all others represent GenBank accession numbers 10 min at 72°C. The products of each of these reactions were then subjected to digestion with HinPI1, and the resulting restriction fragment length polymorphism (RFLP) patterns were analyzed by agarose gel electrophoresis.
Sequencing
For each termite sample analyzed, cloned sequences representing each unique RFLP pattern observed were arbitrarily selected for sequencing. Plasmids were purified using a QIAprep Spin Miniprep Kit (Qiagen) and submitted to Davis Sequencing for sequencing. The sequences obtained were manually trimmed in SeqMan, available from DNA* as part of the Lasergene software suite, to remove the plasmid and degenerate primer sequences.
Further confirmation of each sequence as an H domain fragment was verified using BLAST.
Phylogenetic Analysis
An operational taxonomic unit (OTU) was arbitrarily defined as those peptide sequences sharing a minimum of approximately 97% amino acid sequence identity according to the furthest-neighbor algorithm in DOTUR [56] . The ARB software environment [58] was used for phylogenetic analysis of H domain sequences. Sequences alignments were prepared using DIALIGN on the Mobyle server [59] . Trees were constructed using 173 unambiguously aligned amino acid positions with distance matrix (Fitch), maximum parsimony (Phylip PROTPARS), and maximum likelihood (PhylipPROML) treeing methods. The sequence database used within ARB contained 183 publically available protein sequences harboring H domains. Many of the [FeFe] hydrogenase sequences were chosen from those highlighted in reviews by Meyer [55] or Vignais and Billoud [32] . A number of sequences were identified by BLAST searches against the NCBI GenBank nonredundant protein sequences database. The database also included four protozoal [FeFe] hydrogenase sequences obtained from the gut of Coptotermes formosanus [45] . Additionally, 84 of the 123 sequences in the termite gut metagenome database identified as encoding H domains were of sufficient length to be included in the analysis. The following sequences comprised the outgroup used to construct Figs. 3, S1, and S2: Pseudotrichonympha grassii (AB331668), uncultured parabasilid (AB331670), Holomastigotoides mirabile (AB331669). The following family 3 [FeFe] hydrogenase sequences, reported elsewhere, were also used to construct Figs. 3, S1, and S2: Treponema primitia strain ZAS-2 (HndA1, HQ020732), Treponema azotonutricium strain ZAS-9 (HndA, HQ020755), Nasutitermes sp. gut (2004084376, JGI gene object ID [33] ).
Diversity and Sequence Richness Calculations
Chao1 sequence richness and Shannon diversity indices for each clone set were calculated using EstimateS version 8.0.0 for Macintosh computers, written and made freely available by Robert K. Colwell (http://viceroy.eeb.uconn. edu/EstimateS). OTUs and their respective sequence abundances were used as input to the program. To visualize the evenness and diversity of OTUs sequences represented in each clone library, collector's curves were constructed showing the number of sequences represented by each OTU, Fig. 2 .
GenBank Accession Numbers
Sequences have been deposited in the GenBank DDBT and EMBL databases under accession numbers HQ020768 to HQ020956.
Results
[FeFe] Hydrogenases Cloned
Cloned alleles collectively representing at least 28 unique RFLP patterns were sequenced and further analyzed from each termite sample (Table 1) . The resultant sequences could be grouped into 16, 20, and 21 OTUs for the I. minor, R. hesperus, and Z. nevadensis clone sets, respectively. Alleles representing 28 and 37 unique RFLP patterns were cloned from the C. punctulatus adult and nymph samples, respectively. Their corresponding sequences could be grouped into 15 and 17 OTUs, respectively. Alleles yielding 14 RFLP patterns were cloned from the P. americana sample and subsequent sequence analysis grouped them into eight OTUs. Collector's curves for each sample analyzed are provided as Fig. 2 . The Shannon diversity index and Chao1 species richness index for each sample are listed in Table 1 . A list of all sequences analyzed in this study, and their relative abundance in the clone libraries, is provided as Table S1 .
Phylogenetic Analysis of Cloned Sequences
In phylogenetic analyses, all hydrogenases from the lower termites and Cryptocercus samples grouped together within a single clade to the exclusion of all previously sequenced termite gut protozoal and nontermite associated bacterial [FeFe] hydrogenases in the database (master tree not shown). This clade contained both family 3 [FeFe] hydrogenases previously identified [37] in the genomes of T. azotonutricium ZAS-9 and T. primitia ZAS-2, gut spirochetes previously isolated from the gut of a lower termite. In contrast, three of the eight OTUs from the omnivorous roach P. americana fell outside of this clade. The "families" (clusters) into which these "outlying" sequences fell (as defined by Warnecke et al.) are provided as a footnote to Table S1 . Maximum likelihood trees for all termites, roaches, and the collective set of family 3 [FeFe] hydrogenase sequence OTUs cloned in this study are provided as Figs. S1, S2, and 3, respectively. In an analysis of all alleles retrieved in this study, family 3 hydrogenase OTUs from the gut community of Z. nevadensis formed coherent subclades with alleles from T. primitia ZAS-2 and T. azotonutricium ZAS-9.
Discussion
Degenerate oligonucleotides targeting genes encoding family 3 [FeFe] hydrogenase proteins were designed, validated, and subsequently applied to yield amplification products from DNA templates prepared from the alimentary tracts of three species representing three distinct families of lower termite (Rhinotermitidae, Termopsidae, and Kalotermitidae), as well as from the wood roach Cryptocercus (Family Polyphagidae) and the omnivorous roach Periplaneta (family Blattidae). Further analysis of the products revealed that these insects are reservoirs of extensive and specific [FeFe] Figure 2 Collector's curves for lower termite samples. The horizontal brackets in each figure indicate the number of OTUs comprising 75% of all sequences cloned. Each bin represents an OTU calculated using the furthest-neighbor method in DOTUR [58] with a minimum of 97% amino acid similarity used as a cutoff gut protozoa [45] and the metagenomic analysis of a species of a bacteria-dominated higher termite representing a sixth insect family (Termitidae), the results indicate a widespread role for [FeFe] hydrogenases in a diversity of gut microbial communities from a broad range of Dictyoptera. The reasons for a wider role for these and not other major classes of hydrogenases (often paradigms of other systems) are not yet well understood. Explanations might include (1) the higher specific molar activities that have been observed in well-studied [FeFe] hydrogenases, as compared to other classes of hydrogenases [31] , along with (2) the high, millimolar amounts of ferrous iron that are available for incorporation into enzymes in the guts of several termite species [31, 60] . Such may have favored the selection and subsequent diversification of members of this class of hydrogenase in these environments. In any event, any and all past, extensive, in-depth studies performed by a multitude of research groups on [FeFe] hydrogenases now take on additional levels of ecological relevance, e.g., in terms of informing us on key enzymatic aspects of hydrogen rich insect gut environments [31, 32, [53] [54] [55] [56] [57] [61] [62] [63] .
Periplaneta americana
One of the more striking aspects of the extensive [FeFe] hydrogenase diversity revealed here (Figs. 3, S1 , and S2) is that in this study, we targeted only one of a total of nine distinct families of [FeFe] hydrogenases proposed after an analysis of metagenomic sequence from the higher termite Nasutitermes [33] . Furthermore, "family 3" H domains are components of only 1 of the 10 different families of H domain encoding genes identified in the genomes of three termite gut spirochete isolates [37] . Thus, although the collection reported here is vast, it may represent only a fraction of a much deeper and broader [FeFe] hydrogenase and H domain diversity present in wood-feeding and other Dictyoptera gut microbial communities. Perhaps, this is not so surprising since many microenvironments have previously been shown to exist in the guts of termites and roaches that might be expected to have a measurable influence on microbial community structure and, similarly, H domain protein diversity [4, 13, 22, 44, 64] .
As shown in Figs. 3 and S1, the putative family 3 hydrogenase proteins from the genome sequences of T. azotonutricium ZAS-9 and T. primitia ZAS-2 each fell within coherent clades containing sequences from a Z. nevadensis gut microbial community and shared 99.4% and 96.45% sequence identity with the nearest sequence, respectively. This inferentially supports the notion that gut spirochetes encode many of these proteins and that diverse Treponema species play important metabolic roles in these gut ecosystems. That a 100% sequence match between isolate and gut community was not observed is not entirely unexpected, inasmuch as the isolates originated from Z. angusticollis collected in Northern California [29, 65] , not from the Z. nevadensis specimens collected in Southern California and used for this present study.
We recovered a distinct (and considerably less diverse) array of hydrogenase genes from the gut community of the omnivorous roach P. americana (Figs. 3 and S2 ). This likely reflects differences in the composition and metabolic capacities of the gut microbial communities sampled in this study. Importantly, P. americana is an omnivorous roach that does not consume wood and contains neither flagellate, cellulose-decomposing protozoa, nor the diverse spirochetal 
Zne = Zootermopsis nevadensis
Pam = Periplaneta americana
Rhe = Reticulitermes hesperus
Imi = Incisitermes minor
Cpu(A/N) = Cryptocercus punctulatus Adult or Nymph Figure 3 Phylogram of family 3 [FeFe] hydrogenases cloned in this study. The tree was calculated using a maximum likelihood (Phylip ProML) method with 173 unambiguously aligned amino acid positions. Open circles designate groupings also supported by either parsimony (Phylip PROTPARS, 1,000 bootstraps) or distance matrix (Fitch) methods. Closed circles designate groupings supported by all three methods. Hydrogenase sequences taken from T. primitia ZAS-2 and T. primitia ZAS-9 are labeled as ZAS-2 (HndA1) and ZAS-9 (HndA), respectively. The numbers represent the maximum parsimony bootstrap values to the left of the backslash and maximum likelihood bootstrap values on the right where applicable. A 100 bootstrap maximum likelihood was constructed in ARB and the maximum likelihood bootstraps listed here have been taken from that tree, which was constructed separately from the tree used to prepare this figure. All nodes lacking support by at least two of the treeing methods have been collapsed. The sequence labeled as Metagenome corresponds to the sequence with the gene identifier 2004084376 taken from a termite hindgut metagenome sequence [33] . All outgroup sequences are listed in the "Methods" section populations that typify the gut microbial communities of the wood-feeding insects analyzed in this study. The composition of termite gut communities is known to vary substantially with host feeding habits [66] [67] [68] [69] .
Lower termites have been shown to accumulate hydrogen solely in the hindgut [1] . In contrast, Lemke et al. have reported that Blaberus sp., an omnivorous cockroach, accumulates hydrogen in its midgut compartment and that the metabolite is then transferred across the epithelium and utilized in the hindgut [44] . This difference in compartmentalization of microbial metabolic functions within the gut as compared to the case in termites may have further ramifications for the diversity of microbes harboring H domain genes and thereby sequence diversity. For example, Yang et al. have reported a substantial influence of niche heterogeneity on community structure within the gut of Reticulitermes santonensis [64] .
Conclusions
Our findings, facilitated by the design of primers specifically targeting an important family of [FeFe] hydrogenases highly represented in a termite gut metagenome, support the pivotal role of hydrogen [1] [2] [3] [4] [5] [6] as a metabolic intermediate in wood degradation by the gut microbial communities of xylophagous insects. The number of sequences cloned from the termites and C. punctulatus further establishes woodfeeding insects as rich reservoirs of [FeFe] hydrogenase gene sequence diversity. Moreover, cloned sequences may represent unique adaptations to their respective ecosystems, as inferred from lack of similarity to database sequences in phylogenetic analyses.
